The need for improvements in the water use efficiency by agricultural ecosystems requires a holistic assessment of the hydraulic functioning of cropped soils, taking into consideration the most relevant interactions and feedbacks that control the soil water budget. We implemented a mechanistic approach to isolate the effects of soil hydraulic properties (K-θ-h) of layered soils on water balance components and land and water productivity, adopting comprehensive scenarios of soil water availability and requirements. The agro-hydrological simulations were performed using the SWAP model integrated with the WOFOST crop growth module. The simulated scenarios included the rainfed crop growth of maize and soybean in three climate zones, evaluating the current climate scenarios as well as two future scenarios, a wetter and a drier one, totaling 108 scenarios simulated for 30 years each. Simulations were performed for six soils, grouped pairwise (3 × 2), where each pair represented the same soil group with two different long-term land uses: natural forest (proxy of a no-tillage system) and conventional agricultural use. The K-θ-h relationships were obtained simultaneously by inverse modeling for the full range of soil water contents commonly found in the domain of crop available water. The agro-hydrological simulations showed that the soil hydraulic properties affect dynamically water balance components and land productivity by relating soil hydraulic functioning to climate patterns and crop water requirements. In general, maize productivity was more sensitive to soil hydraulic properties under future climate scenarios than soybean. While land productivities of maize and soybean increased under the wetter climate scenario, water productivity of both crops was consistently reduced by both future climate scenarios. The K-θ-h of soils under conventional agricultural use over-performed their counterparts under long-term natural forest use, especially regarding land productivity during growing seasons with pronounced dry spells. Depending on the length and timing of drought stress during the growing season, the yield response is determined by soil-specific conditions strictly related to water availability. The long-term average revealed that the sampled loamy sand soils have more favorable hydraulic properties for crop growth; moreover, the reduced unproductive water losses, especially runoff, increased the dynamic water storage of those soils.
Introduction
In a crop planning system, climate determines the suitability of a region for crops adaptation while weather and soil characteristics determine the yield level (Araya et al., 2010; Bodner et al., 2015) . Soils play a decisive role in the soil-plant-atmosphere system by allowing extraction of water and nutrients by roots, while providing physical support for plant growth (Bonfante et al., 2017) . In this context, soil hydraulic properties (K-θ-h) together with hydraulic gradients control water flow toward roots, a highly dynamic process that determines the partitioning of surface energy fluxes by driving crop growth and dry matter accumulation. However, unlike climatic features, such properties do not obey a general pattern. Spatial variability of soil hydraulic properties, such as hydraulic conductivity and retention characteristics, of surface and subsurface layers add complexity to the prediction of soil water redistribution and availability in time and space (Vereecken et al., 2014; Bonfante and Bouma, 2015; De Jong van Lier and Wendroth, 2016) .
Given strong interactions between weather variables and soil available water, predicted climate change scenarios might pose a severe threat to food security by reducing water availability for crop production (Sadras et al., 2010; Challinor et al., 2016; Zhao et al., 2017) . Water scarcity is a common reality in many regions around the globe, implicitly in arid and semi-arid regions (Bodner et al., 2015) and occasionally in sub-humid and other climate types. Projected alterations of climate patterns are expected to change the spatial extent of such regions as well as the randomness of weather behavior (Xie et al., 2015; Zhao et al., 2017) . In terms of crop productivity, adjustments or compensation measures may be necessary to increase the water resources use efficiency (Elliot et al., 2014; Jägermeyr et al., 2017; Battisti et al., 2017) . In regions with a surplus of water, reduced soil moisture may be compensated by a net increase in irrigation (Kang et al., 2009 ). However, simply increasing the irrigated area would be insufficient to compensate for the negative impacts of climate change on crop productivity (Elliot et al., 2014) . Consequently, regions that are likely to suffer water stress due to changes in weather patterns would benefit from a fine-tuned combination between soil and crop in order to optimize the use of water resources by agricultural systems (Kang et al., 2009; Molden et al., 2010; Bonfante et al., 2017) .
The current need for improvements in the water use efficiency by agricultural ecosystems requires a holistic assessment of the hydraulic functioning of cropped soils, taking into consideration the most relevant interactions and feedbacks that control the soil water budget. However, most of the attempts to do so are restricted to empirical formulations that define the so-called "soil-water holding capacity," based on the concepts of field capacity and the wilting point as static upper and lower limits of soil available water, respectively. Although largely used worldwide, this approach is flawed when it is utilized to represent the nuances of the transient soil-moisture dynamics and climate seasonality (Romano et al., 2011; De Jong van Lier, 2017; Pinheiro et al., 2018) . On the other hand, the analysis of the water use in crop production under current and hypothetical future climate scenarios can be carried out using robust, process-based models supported by experimental data, while considering vertical and horizontal soil heterogeneity, different crop types, and agricultural management. The state-of-the-art vadose zone hydrological models (based on the Richards equation), such as Hydrus (Šimůnek et al., 2016) and SWAP (Kroes et al., 2017) , allow to simulate the spatial and temporal water redistribution in soils, making intensive use of existing soil physical knowledge (De Jong van Lier et al., 2015; Bonfante and Bouma, 2015; Jones et al., 2016) . When coupled with a crop growth module, these models dynamically link soil-plant-atmosphere processes and can be used to predict how changes in the dynamic boundary conditions (e.g., climate, soil type, and land use) interact and control the state variables related to the use and management of water resources in agriculture.
Based on the ability of physically-based simulations of dynamically predicting the soil water availability for crop transpiration, the role of soil hydraulic properties on hydrology-related processes can be assessed by simulation models. Therefore, the main objectives of this study are a) to implement agro-hydrological simulations of crop growth on soils of different texture and historical land use in three climate zones of Southeast Brazil, b) to investigate the hydraulic functioning responses of cropped soils to future effects of climate change by the assessment of land and water productivity, and c) to test whether the same soil group under different land uses behave differently in terms of dynamic water availability by assessing the effect of their hydraulic properties on water balance components, and land and water productivity.
Material and methods

Agro-hydrological simulations
The agro-hydrological simulations were performed using the SWAP model (Kroes et al., 2017) . SWAP is a 1-D agro-hydrological model that numerically solves the Richards equation with a root water extraction sink term describing water flow in the soil-plant-atmosphere environment: ). The numerical solution of Eq. (1) requires the knowledge of unsaturated soil hydraulic properties (K-θ-h), which may be described using the analytical functions defined by the van Genuchten-Mualem model (Mualem, 1976; Van Genuchten, 1980 ):
where Θ = (θ − θ r )/(θ s − θ r ) is the effective saturation, θ r is the residual water content (m 3 m ). It is calculated in the SWAP model according to a modified version of the transpiration reduction function proposed by Feddes et al. (1978) . T act is calculated by multiplying the potential transpiration
) by a semi-empirical factor φ z , evaluated for each soil layer (Z) and weighted by the layer thickness w z (m) and the relative root length density (R z ):
The empirical reduction factor φ z (varying from 0 to 1) is defined by four typical pressure head values (0 > h 1 > h 2 > h 3 > h 4 ). At wilting point (h < h 4 ) and in the anaerobic phase (h > h 1 ), φ z = 0; in the falling rate phase (h 4 < h < h 3 ), φ z = (h-h 4 )/(h 3 -h 4 ); in the constant (optimum) rate, delimited by h 3 and h 2 , φ z = 1; in the wet phase (h 2 < h < h 1 ), φ z = (h−h 1 )/(h 2 −h 1 ). The SWAP model allows h 3 to vary as a function of potential transpiration rate (h 3h for high T p and h 3l for low T p ). A compilation of h 3l , h 3h and h 4 values for several crops and crop groups is listed in Taylor and Ashcroft (1972) . For our simulations, the adopted critical h values were based on Taylor and Ashcroft (1972) with modifications performed by Schwantes (2017) .
We adopted a soil profile 1 m deep for all scenarios, and at this depth the bottom boundary condition was set as free drainage, as the groundwater level for the studied sites is very deep, at least 5 m below the soil surface (De Jong van Lier, 2017) . The 1 m deep soil profile was discretized in 0.05 m increments, where hydraulic properties for the top 0.30 m were determined in samples taken between 0 and 0.15 m, and the bottom 0.70 m between 0.30 and 0.45 m. The upper boundary condition was described in terms of potential evapotranspiration (ET p ) and precipitation. ET p was further partitioned into potential transpiration (T p ) and potential evaporation (E p ) according to the leaf area index (LAI) development. The following sections describe input parameters for the crop, soil, and climate necessary for running the SWAP model coupled with the WOFOST module (Van Diepen et al., 1989) .
Crop growth module
The SWAP model simulates the accumulated dry matter and grain yield for annual field crops using the integrated WOFOST crop growth module (Van Diepen et al., 1989) . Taking into consideration environmental conditions, the module dynamically simulates crop growth by quantifying potential and actual photosynthesis, maintenance respiration, and a dry matter increase and its partitioning into roots, stems, leaves, and storage organs (Kroes et al., 2017) . The partitioning of assimilates over different plant organs depends on the development stage (DVS) of the crop, where DVS = 0 corresponds to emergence, DVS = 1 to anthesis, and DVS = 2 to maturity. The DVS is determined by the accumulated number of degree-days.
The growth of maize and soybean, two important crops in Brazilian agriculture, were simulated in this study. Crop-specific input parameters for maize and soybean were obtained from the parametrization and validation of WOFOST performed for Brazilian conditions by Schwantes (2017) , using rainfed field experiments during 42 growing seasons of maize and 19 of soybean (at different locations) between 2006 and 2015. Meteorological conditions of the experimental sites selected by Schwantes (2017) are similar to all three climate zones used in this study. For the future scenarios with modified climate variables, the number of degree-days to anthesis and maturity and leaf lifespan were adapted in order to preserve the current crop cycle length and the potential yield level.
Soil data and hydraulic properties
Six sampling sites under different land use types covering a broad spectrum of soil textures typical of humid subtropical climate (the Köppen climate zones Aw, Cfa, and Cwa) in southeast Brazil were selected for this study ( Fig. 1 and Table 1 ). Sampling sites can be grouped according to their locations, with each group of sites (S 1 , S 2 ), (S 3 , S 4 ), and (S 5 , S 6 ) representing two different long-term land uses on the nearby and same soil groups: Native forest, a proxy of a long-term notillage system (odd subscripts), and conventional agricultural use (even subscripts).
Soil hydraulic properties (K-θ-h) were obtained by Pinheiro et al. (2019) for the entire range of crop available water (from near-saturation to wilting point). As described in Pinheiro et al. (2019) , undisturbed soils samples were subjected to an evaporation experiment with soil water contents, θ(t), measured over time by a non-invasive technique (gamma-ray attenuation). The specific experimental boundary conditions and θ(t) were implemented in an inverse modeling protocol to derive K-θ-h relationships according to the analytical functions defined by Mualem (1976) and Van Genuchten (1980) , Table 2 . For each site, the undisturbed soil samples were collected from two depths (between 0 and 0.15 m and between 0.3 and 0.45 m). Although these sampling depths may not represent the entire root zone, for a majority of crops they are expected to contain most active roots responsible for water uptake (De Willigen and Van Noordwijk, 1987; Gao et al., 2010; Moraes et al., 2018) .
Climate zones with current and future climate scenarios
Each soil from the previous section was assumed to occur in three main climate zones of the São Paulo state, a densely populated region with intensive agriculture. The selection of these climate zones followed the Köppen climate map for Brazil, with updates performed by Alvares et al. (2014) . The main climate zones of the São Paulo state are Aw (30.8%), Cfa (33.4%), and Cwa (17.4%). Basic daily meteorological data used in this study (precipitation, maximum and minimum temperature, solar radiation, relative humidity, and wind speed) were extracted from a robust gridded dataset produced by Xavier et al. (2015) for the entire Brazilian territory. Thirty years of daily meteorological data were extracted from a high-resolution grid (0.25°× 0.25°) within the domains of each climate zone. The extracted meteorological data (Fig. 2) were implemented into the agro-hydrological simulations as representative of the current climate conditions and used as baselines for generating future climate scenarios.
Future climate scenarios were created using general circulation models (GCM) from the Fifth Coupled Model Intercomparison Project (CMIP5) and the 30-year present-day climate data for each climate zone as baselines. The protocol of data generation was based on the Agricultural Model Intercomparison and Improvement Project (AgMIP, www.agmip.org, Rosenzweig et al., 2013) . The AgMIP project addresses the challenge of future climate alterations by adopting the ensemble approach, whereby numerous downscaled future climate E.A.R. Pinheiro, et al. Agricultural Systems 173 (2019) 364-377 scenarios are generated using different GCMs and CO 2 emission pathways and baseline local daily weather data. For this study, we selected two GCM models with moderate annual changes in rainfall and maximum and minimum temperatures for the studied sites (Table 3) . We selected the mid-century (2040-2069) scenario with CO 2 emissions according to the trajectory RCP8.5 (representative concentration pathway, Moss et al., 2010) . As we were particularly interested in assessing comprehensive future scenarios of soil water availability and atmosphere water demand, the mid-century time window together with RCP8.5 allowed us to obtain those scenarios.
Simulated scenarios
The simulations considered crop growth of maize and soybean at six Table 2 Soil hydraulic parameters for surface soils and subsoils according to the van Genuchten-Mualem analytical functions (Mualem, 1976; Van Genuchten, 1980) . The values between parentheses are the respective standard errors. 
Table 3
Annual average changes in temperature and rainfall simulated by two selected general circulation models (GCMs) for three climate zones, considering the RCP8.5 scenario for the mid-century (2040-2069). Pinheiro, et al. Agricultural Systems 173 (2019) 364-377 soil types (Tables 1 and 2 ) for three climatic zones with three climate scenarios each (current climate and two future climate scenarios - Table 3 ). All simulations were performed under rainfed conditions. The sowing date for soybean was in the second half of September and for maize in the first half of October, in agreement with the local practice. Thus, a total of 108 scenarios (6 soils × 2 crops × 3 climatic zones × 3 climate scenarios) were simulated for 30 years each.
Land and water productivity
Land and water productivity for maize and soybean were obtained from the SWAP/WOFOST simulations of water balance and biomass, in which land productivity (LP) was considered as the actual yield (final grain mass, kg ha −1 ). The agricultural water productivity (WP) or water use efficiency is the ratio between the amount (mass) of agricultural yield per a volume (or value) of water used or diverted for this production. The most common units for expressing water productivity are kg m −3 or ton m −3 , i.e., the mass of agricultural yield per a volume of water used (Geerts and Raes, 2009; Bastiaanssen and Steduto, 2017) .
, land productivity (LP) in kg ha
, and evapotranspiration (ET) in mm, water productivity during the crop growing season can be calculated as
where the factor 10 in the denominator stands for the conversion between m 3 ha −1 and mm (1 mm = 10 m 3 ha
).
Statistical analysis
The statistical analysis was performed with the software R 3.5.0 (R Development Core Team, 2018). The water balance components (transpiration, evaporation, interception loss, runoff, and bottom flux) and the land and water productivity did not satisfy the presumption of normal distribution and homogeneity of variances required for the parametric analysis. Therefore, the comparison of means of water balance components, land and water productivity was tested by implementing the Kruskal-Wallis one-way analysis of variance (Kruskal and Wallis, 1952) with significance levels of p < 0.05. This test assesses the differences among independent groups of data without presuming any specific hypothesis on the distribution. The source of variations (climate scenarios and soils) were tested individually for each climate zone. The Bonferroni correction for p-values adjustment for multiple testing was adopted.
Results and discussion
The implemented analysis focused on the effects of soil hydraulic properties on water balance components and land and water productivity, adopting comprehensive scenarios of soil water availability and rainfall distributions. The values of all six soil hydraulic parameters (θ r , θ s , α, n, K s , and λ) required by the analytical functions of the van Genuchten-Mualem model (Mualem, 1976; Van Genuchten, 1980) , given in Table 2 , are representative of the full range of soil water contents commonly found in the domain of crop available water (Pinheiro et al., 2019) . This is important, because a common practice in many vadose zone hydrological studies is to adopt the Mualem (1976) capillary bundle model (Eq. (3)) together with independent measurements of the saturated hydraulic conductivity, K s , and assign a generic pore connectivity value (λ) of 0.5, the best average fit found by Mualem (1976) . However, this practice may introduce large uncertainties in the simulations of soil hydrology-related processes (Vereecken et al., 2010; De Jong van Lier et al., 2015) , especially in the dry range.
Describing the K-θ-h relations by combining the parameters given in Table 2 with Eqs. (2) and (3) and assuming characteristic pressure head (h) values commonly related to plant available water, Table 4 shows some values of soil water contents (θ) and unsaturated hydraulic conductivities (K) for the surface layer of the sampled soils. The available water capacity (AWC) for the soil profile depth of 1 m, subdivided into two layers (L 1 and L 2 ), is shown as well, in which the specific hydraulic properties of both surface (L 1 = 0.30 m) and subsoil layers (L 2 = 0.70 m) were considered according to Table 2. Recalling Table 1 , group of sites (S1, S2), (S3, S4) and (S5, S6) in Table 4 represents the nearby and same soil group under different historical land uses, S1, S3, and S5 under native forest and S2, S4, and S6 under conventional agricultural use.
A closer look at Table 4 reveals that S5 is the only soil under (native) forest use that has near saturation (h = −0.1 m) θ larger than its counterpart under agricultural use. Regarding K values, all soils under forest use have lower K when compared with their counterparts for pressure heads h < −1.0 m, with more noticeable differences between S5 and S6. Regarding the K values of Table 4 , Ferralsols (S1 and S2) and Acrisols (S3 and S4) have very similar values of K that are higher than those of the Arenosols (S5 and S6) as the pressure head drops below −10 m. Regarding AWC, there is only a slight difference between land uses of the same soil group, with Arenosols, especially S6, having the lowest values. However, it does not necessarily mean that soil S6 is the most limited one. In fact, soil available water is a highly dynamic process (Romano et al., 2011; De Jong van Lier, 2017) that is usually underrepresented when fixed quantities such as AWC are used, especially for humid climate zones, where a considerable fraction of crop water uptake occurs at water contents higher than field capacity (De Jong van Lier, 2017) .
Although the general analysis of values given in Table 4 , along with soil texture-based classifications (Twarakavi et al., 2010) , is important to assess the static behavior of a soil, it does not provide information to unfold dynamic processes in the vadose zone (e.g., water redistribution, root water uptake, and crop growth). For that, a mechanistic approach is required that combines the dynamics of soil, plant, and climate Bouma, 2015, Bonfante et al., 2019; De Jong van Lier et al., 2015; Jones et al., 2016) . Process-based simulations for rainfed cropped soils under different climate conditions, and for different soil types and land uses are presented and discussed in the following paragraph.
Agro-hydrological simulations for rainfed cropping season
In order to obtain more comprehensive scenarios of water availability, our simulations considered climate change effects on rainfall (generated by the GCMs), allowing a more detailed assessment of the soil hydraulic properties effects on soil hydrology-related processes. The GCM1 predicts that on an annual scale, the rainfall amount is expected to be very close to the current average for all three climate zones, while the GCM2 predicts a reduction of up to 19.5% (Table 3) . A closer look at the main cropping season window, which starts in the second half of September and ends in the early beginning of March, reveals that changes in average rainfall amounts in different months are different from the annual pattern. During this period of the year, the GCM1 projects an average rainfall increase of up to 20% over the current values, whereas the GCM2 predicts a 5% rainfall reduction. In this sense, the two chosen GCMs assured that the soil water balance and related processes driven by soil hydraulic properties were simulated for more demanding atmospheric conditions (higher temperatures predicted by both GCMs) and under wetter and drier climate scenarios. Fig. 3 shows a general overview of 30-year averages of water balance components (rainfall, actual transpiration (T act ), actual evaporation (E act ), runoff, interception loss (I L ), and bottom flux (B Flux )) for the main growing seasons of maize and soybean obtained in 108 simulated scenarios, involving six soil textures (S1 through S6), three climatic zones (Aw, Cfa, and Cwa), and three climate scenarios (current and two GCMs). 152 a AWC is the sum of available water capacity of surface (L 1 ) and subsoil (L 2 ) layers. It was estimated by the difference in the water contents at pressure heads routinely assumed as proxies of field capacity and wilting point (h = −1 m and h = −150 m, respectively). Fig. 3 . Simulated 30-year averages of soil water balance components (WBC) for the growing season of maize and soybean, three climate zones (Aw, Cfa, and Cwa), six soil textures (S1 through S6), and current and future (GCM1 and GCM2) climate scenarios.
3.1.1. Climate data as a source of variations in land and water productivity The future climate scenarios predicted by the GCM1 increased land productivity of maize (LP M ) and soybean (LP S ) for all three climate zones, whereas those predicted by the GCM2 reduced them. Meanwhile, water productivity (WP) of both crops was consistently reduced for future climate scenarios predicted by both GCMs, independently of the climate zone (Table 5 ). As will be discussed in more detail below, lower WP levels for both wetter and drier climate scenarios are explained mainly by an unproductive increase in the evapotranspiration rate and a decrease in LP due to drought stresses, respectively.
Simulated long-term averages of land productivity of both maize and soybean for three climate scenarios, reported in Fig. 4 , are within the ranges observed in other studies carried out in the same climate zones as in our simulation scenarios (Battisti et al., 2017; Schwantes, 2017) . Testing of the statistical significance of numerical differences in LP and WP, while assuming climate scenarios as a source of variations, showed that differences are significant for most soils under different scenarios (p < 0.05). Regarding LP (Fig. 4) , soils cropped with maize showed higher sensitivity to the climate scenarios than those cropped with soybean. Note that maize and soybean are among the major crops at the global scale (which also include wheat and rice) and that maize is expected to endure the largest loss in yield due to a temperature increase, which may be related to direct and indirect temperature impacts (e.g., shorter crop season, heat stress, and reduced soil water availability) (Challinor et al., 2016; Zhao et al., 2017) . LP M of all soils under the GCM2 scenario differed significantly from those under the GCM1 scenario for all three climate zones. LP M of soils S2 and S4 under current climate did not differ statistically from those under two GCM scenarios for the Aw and Cwa climatic zones. For the zone Cfa, LP M under current climate differed significantly only for soil S3, with the GCM2 scenario producing the lowest mean. Regarding the occurrence of drought stress, this indicates that according to selected climate scenarios, soils cropped with maize in the Cfa climatic zone are expected to suffer the lowest impact on LP under climate change, while a drier climate in the other two climate zones will have a significant negative impact for the majority of soils.
LP S in the Aw zone showed higher sensitivity to the climate scenarios than in the other two zones, with soils S5 and S6 producing larger LP S under the wetter scenario, whereas the other soils maintaining the current LP S level similar to the two GCMs. For the Cfa zone, only soils S3 and S5 showed significant differences between LP S , while for the Cwa zone, none of the soils differed statistically (p > 0.05), indicating that in these two zones, a drier or wetter climate will have the least impact on soil hydrological behavior when cropped with soybean.
Regarding water productivity of maize (WP M ), current climate allowed significantly higher mean values (p < 0.05) for all soils and climate zones than those under a drier climate scenario (GCM2). The same behavior was observed for water productivity of soybean (WP S ) grown in the Cfa and Cwa zones. For the Aw zone, none of the climate Fig. 4 . Climate as a source of variations in land productivity (LP) of maize and soybean (for three climate zones (Aw, Cfa, and Cwa), six soil textures (S1 through S6), and current and future (GCM1 and GCM2) climate scenarios. Solid circles inside each boxplot represent the mean value. LP of the same soil followed by the same letter do not differ from each other statistically at p < 0.05. NS: not significant.
scenarios significantly impacted WP S values (p > 0.05) (Fig. 5 ).
Comparing WP M for current climate and the wetter scenario (GCM1), insignificant differences were observed for all six soils in the Aw zone, and significant differences were observed only for soils S2 and S4 in the Cfa zone, with higher WP M values for the current climate scenario. All soils in the Cwa zone produced significantly higher WP M values under the current climate than under future scenarios. Both Cfa and Cwa zones showed higher WP S values under the current climate and significant differences for all soils.
While a temperature increase is usually associated with negative (Zhao et al., 2017) effects on crop yield, as long as new cultivars are developed to improve drought tolerance, positive effects may also be expected (Battisti et al., 2017) . On the other hand, Kang et al. (2009) pointed out that for some scenarios, crop yield is more sensitive to precipitation than temperature. Either way, the yield response is a result of interacting processes between plant and soil at the field scale (Bonfante and Bouma, 2015) and many factors are involved in crop growth. Despite the efforts of farmers and crop breeders, some studies indicate that crop yield increases have been recently slowing down or even disappearing for some major crops worldwide, with climate change playing a significant role in this process, requiring adaptation strategies to isolate the effects of individual factors on crop yield (Brisson et al., 2010; Ray et al., 2012; Challinor et al., 2016; Zhao et al., 2017) .
Although there is some evidence that soil macroporosity may be modified as a result of climate change (Hirmas et al., 2018) , our attempt to isolate the effects of soil hydraulic properties assumed that the K-θ-h relations will remain unaltered under climate change scenarios. Accordingly, the simulation results show that the impact of climate change on LP and WP will vary depending on the K-θ-h relations of each soil, with some soils being more resilient than others, depending on the climate zone and crop water requirements. Considering the overall performance of the six soils in terms of LP, regardless of the climate zone and crop, only soils S2 and S4 will not endure significant impacts on LP (p > 0.05), while the response of the other soils will be determined by crop and climate zones.
As discussed in previous studies (e.g., Molden et al., 2010) , gains in LP achieved for wetter scenarios may not be translated into gains in WP.
In fact, our results indicate that for future climate scenarios, WP values for all six soils were significantly reduced (p < 0.05) when cropped with soybean in the Cfa and Cwa climate zones and when cropped with maize in the Cwa climate zone. From the perspective of crop-and fieldspecific strategies, soil hydraulic properties are inherently linked to the management of the water stress and the enhancement of water resources use efficiency (Kang et al., 2009; Bonfante and Bouma, 2015) , and for this reason, field-adaptation strategies must consider the soil hydraulic behavior in the context of local climate patterns (here represented by the climate zones) and crop water requirements.
Soils as a source of variations in water balance components, and land and water productivity
Within the same climatic zone and climate scenario, actual transpiration (T act ), Fig. 6 , and interception loss (I L ) did not differ among soils (p > 0.05) in both cropping scenarios with maize and soybean. Since I L mostly depend on the rainfall intensity, the evaporation rate, and the aboveground biomass storage capacity, its mean values for soils with the same climate and crop scenarios were fairly similar, ranging from 16 ± 8 ( ± standard deviation) to 50 ± 10 mm for maize, and from 37 ± 10 to 87 ± 12 mm for soybean, with the lowest values for soils in the Aw zone under the GCM2 scenario (drier climate) and the highest values recorded for soils in the Cwa zone under the GCM1 scenario (wetter climate).
Although mean values of T act did not differ statistically between soils, a closer look reveals some important numerical differences (Fig. 6) . T act of soil S6 was higher than T act calculated for other soils in almost all scenarios. The largest difference was observed between S6 and S1, up to 11% for maize and 4% for soybean. The only exception was recorded in the Aw zone under the GCM2 scenario, where T act of maize for soils S2 and S4 was about 1% higher than for S6, and similarly, for soybean grown in S4, T act was also about 1% higher. Regarding land use, scenarios with maize and hydraulic properties of the soils taken as proxies of no-tillage systems resulted in lower T act values for all climate scenarios and climatic zones than when using hydraulic properties of their counterparts under conventional agricultural use; Fig. 5 . Climate as a source of variations in water productivity (WP) of maize and soybean (for three climate zones (Aw, Cfa, and Cwa), six soil textures (S1 through S6), and current and future (GCM1 and GCM2) climate scenarios. Solid circles inside each boxplot represent the mean value. WP of the same soil followed by the same letter do not differ from each other statistically at p < 0.05. NS: not significant. when cropped with soybean, this numerical difference was more consistent in the Aw zone. Larger values of T act for soils under agricultural use may be related to a moderate reduction in macroporosity (Gonzalez-Sosa et al., 2010; Luo et al., 2010; Yu et al., 2015) , which may favor water retention and unsaturated hydraulic conductivity (Bodner et al., 2015) , allowing longer periods of water supply to transpiring leaves, with a generally positive effect on carbon assimilation rates for leaves and root development.
While lowest actual soil evaporation (E act ) for all scenarios was observed for soil S6, significant differences (p < 0.05) were revealed only between S3 and S6 when cropped with maize in the Cfa climate zone under the GCM2 climate scenario (Fig. 7) .
In general, the evaporation rate is determined exclusively by soil hydraulic properties, environmental conditions, and the land cover. Larger evaporation rates reduce crop available water, possibly triggering the onset of the drought stress in earlier stages of the crop cycle. As soil water evaporation does not contribute to the carbon assimilation process, a lower evaporation rate relative to ET results in higher water productivity of a cropped field (Molden et al., 2010; Sadras et al., 2010) . Differences in evaporation among different textural classes are mainly explained by the air-entry pressure head, which coarser textured soils reach faster during the evaporation process, allowing faster air entry into their pore system .
Regarding the bottom flux (B Flux ), although the global average of this component was consistently higher (~35%) for the Arenosols (soils S5 and S6), significant differences (p < 0.05) were found only between soils S2 and S5 when cropped with maize within the Aw climate zone under the drier climate scenario (GCM2), where B Flux in soil S5 (79 ± 51 mm) was more than twice as high as in soil S2 (34 ± 39 mm). Considering only the textural classes, soils S5 and S6 are expected to have higher B Flux values due to their high sand content (> 80%), resulting in a higher macroporosity and a narrower pore-size distribution (higher K s , Table 2 ). On the other hand, soils S1 and S2 attained the lowest B Flux means in all scenarios, despite being coarser than soils S3 and S4. When the same soil group under different land uses was compared, it could be noticed that the hydraulic properties of soils under natural forest use (S1, S3, and S5) produced higher average B Flux (99 ± 74 mm) than their counterparts under agricultural use (88 ± 77 mm), although no significant differences were found for any of the simulated scenarios. As all soils were subjected to the same weather patterns and initial pressure head conditions, and no impeding layers were present, the B Flux was only driven by soil hydraulic properties, and especially the hydraulic conductivity. It is generally assumed that soils under natural forest or long-term no-tillage systems develop higher macroporosity (Price et al., 2010; Luo et al., 2010; Bodner et al., 2015) that likely enhances deep drainage for near saturated conditions, with further negative impacts on water productivity (Sadras et al., 2010) .
As expected, runoff for soils S5 and S6 was lower and significantly different (p < 0.05) from the other soils in all simulated scenarios. On the other hand, soils S1 and S2 (medium-textured) produced the highest runoff means (Fig. 8) . The reason for these results is related to the K s values of the surface layer shown in Table 2 (lowest for soils S1 and S2, and highest for soils S5 and S6).
No statistical differences in runoff between similar soils under different land uses were detected. In general, runoff was more sensitive to soil hydraulic properties within the Cfa climate zone where statistical differences were registered between Arenosol soils and the other soils. Additionally, soil S2 (medium-textured) differed significantly from soils S3 and S4 (both fine-textured) under the wetter scenario (GCM1) and from soil S3 under the current and drier climate scenarios. In a broader context, both soil hydraulic properties and land management, together with weather patterns, are important factors that drive the runoff capacity of soils (Parajuli et al., 2016) . Soils with reduced saturated hydraulic conductivities are prone to more intense runoff events, which besides reducing the soil water storage (less infiltration) also increase the risk of soil erosion in cropped fields, which can also contribute to a diffuse nutrient loading into surface reservoirs at the catchment scale.
Land productivity is one of the most important state variables that is affected by soil water balance. Significant differences (p < 0.05) in LP between different soils were noticed only in the Cwa climate zone for both maize and soybean under the GCM1 climate scenario and maize Fig. 6 . Soil as a source of variations in actual transpiration of maize and soybean, grouped into three climatic zones (Aw, Cfa, and Cwa) and three climate scenarios (current and future GCM1 and GCM2), for six soil textures (S1 through S6). Solid circles inside each boxplot represent the mean value. NS: not significant at p < 0.05. under the current climate scenario (Fig. 9) . In these cases, soil S6 showed higher LP than soil S2 when cropped with maize and higher than soils S2 and S4 when cropped with soybean. In general, the highest LP was observed for maize in soil S6 in all three climate zones (~10% higher), followed by soil S5 for soybean scenarios. Contrary to our findings, Jalota et al. (2010) simulated maize yields within sub-humid regions in India and found higher yields for crops grown on finer textured soils. Although the rainfall amount during their cropping season was similar to our scenarios, the rainfall pattern was very distinct. Rainfall was highly concentrated at the beginning of the crop season, followed by erratic events during the remaining growing season, which may have produced very distinct drought stress events, which may explain reduced land productivity in all their simulated scenarios. Fig. 7 . Soil as a source of variations of actual evaporation of maize and soybean, grouped into three climatic zones (Aw, Cfa, and Cwa) and three climate scenarios (current and future GCM1 and GCM2), for six soil textures (S1 through S6). Solid circles inside each boxplot represent the mean value. Soils followed by the same letters under the same climate scenario do not differ from each other statistically at p < 0.05. NS: not significant. Fig. 8 . Soil as a source of variations in runoff, grouped into three climatic zones (Aw, Cfa, and Cwa) and three different climate scenarios (current and future GCM1 and GCM2), for six soil textures (S1 through S6). Solid circles inside each boxplot represent the mean value. Soils followed by the same letters under the same climate scenario do not differ from each other statistically at p < 0.05. NS: not significant.
Although differences in average LP between soils were not statistically significant for most scenarios, a closer look at pressure head time series may highlight larger numerical differences for certain years with significant drought stress. We selected one specific year from the current climate scenario for soils cropped with maize within the Aw zone. In this simulated agricultural year (1985/1986), potential land Fig. 9 . Soil as a source of variations in land productivity, grouped into three climatic zones (Aw, Cfa, and Cwa) and three different climate scenarios (current and future GCM1 and GCM2), for six soil textures (S1 through S6). Solid circles inside each boxplot represent the mean value. Soil types followed by the same letters under the same climate scenario do not differ from each other statistically at p < 0.05. NS: not significant. Fig. 10 . Pressure heads at three depths (Z = 7, 15, and 40 cm) during one specific cropping season (1985/1986) of maize grown within the Aw climatic zone under the current climate scenario (rainfall is shown on the right axis). S1 through S6 represent different soils as described in Tables 1 and 2. productivity was 9401 kg ha −1 , while rainfall during the cropping season was 335 mm, far below the historical average (460 mm) for the Aw climate zone. Soil hydraulic properties affected land productivity very differently, with the soils under long-term natural forest use (S1, S3 and S5) showing very low relative productivity (S1 = 0.31, S3 = 0.24, and S5 = 0.31), while their counterpart soils under agricultural use attaining expressively higher values (S2 = 0.53, S4 = 0.55, and S6 = 0.52). Fig. 10 shows the temporal variation of pressure heads as predicted for the cropping season at three depths (7 cm, 15 cm, and 40 cm), together with the limiting thresholds (h 2 , h 3 , and h 4 ) that define the stress response function for root water uptake according to Feddes et al. (1978) as used in the SWAP scenarios.
According to Fig. 10 , the first 22 days were crucial for the cumulative dry grain biomass at the end of the crop cycle, where maize grown on soils S1, S3, and S5 endured stronger drought stress in the three analyzed depths than when grown on their counterparts, especially in the topsoil layer. Right after emergence, the root system is constrained within the first few centimeters of the soil profile, and the hydraulic conditions of the surface layer will determine whether any drought stress may result in an irreversible biomass reduction. Accordingly, the dry spell at the start of the crop cycle negatively affected the leaf area index (LAI) and root biomass, impacting irreversibly the crop productivity. For soils S1, S3, and S5, the relative LAI at day 22 after emergence was 0.07, 0.05, and 0.07, respectively. On the other hand, maize grown on soils S2, S4, and S6 attained higher relative LAI values, ranging from 0.16 for S6 to 0.41 for S2. Regarding relative root biomass, it ranged from 0.06 to 0.08 for soils under long-term natural forest use, while for soils under agricultural use it was between 0.18 and 0.43. Higher LAI and root biomass allowed maize grown on soils under current agricultural use to transpire up to 2.9 times more than maize grown on soils under long-term natural forest use, which explains the occurrence of the drought stress later in the growing season for soils S2, S4, and S6 (Fig. 10) . It is common sense that soils with larger water holding capacity and favorable hydraulic properties produce better crop performance during the drought stress (Bodner et al., 2015; Bonfante and Bouma, 2015; Battisti et al., 2017; Pinheiro et al., 2018) , and our findings add to this knowledge by showing that depending on the length and timing (e.g., early or late season) of the drought stress, the yield response is determined by soil-specific conditions strictly related to water availability.
Water productivity (WP) is a function of climate, crop, agricultural management, and soil available water. Therefore, a large range of WP may be expected globally, regionally, and even at the field scale (Zwart and Bastiaanssen, 2004; Brauman et al., 2013) . Based on this concept, an increase in water productivity is directly related either to an increase in land productivity or to water savings (Sinclair, 2018) . Fig. 11 shows the WP values for maize and soybean. Only for soils cropped with soybean in the Cwa zone under the GCM1 scenario (drier climate), WP differed significantly between soils (S5 > S2).
Simulated WP averages for maize and soybean are within the range of values commonly found in the literature. The range of 1.1-2.7 kg m −3 was reported for maize (Zwart and Bastiaanssen, 2004; Bastiaanssen and Steduto, 2017) , whereas a narrower range of 0.6-1.0 kg m −3 was reported for soybean (Sadras et al., 2010) . Higher WP for maize is mostly related to its C4 photosynthesis pathway. Different performance of soil S6 regarding T act (higher), E act (lower), Runoff (lower), and LP (higher) was shown above. These components are integrated into WP, explaining the higher means attained for soil S6 (Fig. 11) , followed closely by soil S5 in some scenarios. As highlighted by Molden et al. (2010) and Bodner et al. (2015) , understanding the water balance pattern of cropping systems is essential for the optimization of growth factors of rainfed crops. For example, higher soil available water is directly related to nutrient use efficiency around the most demanding stages of the crop growing season (Sadras et al., 2010) .
3.1.3. Long-term land use: native forest soils versus soils under agricultural use Focusing exclusively on soil hydraulic properties, and based on the long-term average, land use did not affect significantly (p > 0.05) water balance components, nor land and water productivity of soils of the same pedological group. Although some consistent numerical differences could be noticed (specially for LP of maize grown in the Aw zone under the drier climate scenario), major effects were restricted to years with significant drought stress at critical stages of the crop development, where soils under current agricultural use over-performed their counterparts under long-term natural forest use. These results are in line with other studies that observed lower yields of maize grown under no-tillage (Jalota et al., 2010; Irmak et al., 2019) and an insignificant effect (Parajuli et al., 2016) of the tillage practice on maize and soybean yields. Extensive literature covers the influence of tillage practices on soil hydraulic properties (Strudley et al., 2008) . The degree of disturbance is usually related to the soil organic matter content, macroporosity, and pore connectivity (Price et al., 2010; Bodner et al., 2015) , which may affect water infiltrability near saturation. Although we did not determine the soil organic matter content, it is likely that sampled soils under long-term natural forest use have higher OM content than those under agricultural use. This would be reflected in higher K s values, especially in the subsoil K s , which is much higher in soils S1, S3, and S5 than in the other soils under current agricultural use ( Table 2 ). The soil organic matter content is usually related to better hydraulic functioning of the bulk soil, and especially to better water retention properties. However, this positive effect may be limited and highly dependent on the OM content and soil texture (Rawls et al., 2003; Minasny and McBratney, 2018) . Yu et al. (2015) did not find any significant impact of different land cover systems (including forest) on the pore size range that determines water redistribution and related processes in the unsaturated soil (meso-and micro-porosity). Similarly, Siltecho et al. (2015) found a negligible influence of different land uses (forest, rubber plantation, and grass) on soil hydraulic properties.
Many studies have attempted to assess soil "physical quality" by using static indexes or by comparing isolated hydraulic properties based solely on water retention characteristics. Although implicitly these approaches do not consider the dynamic process of water flow in the root zone, they are widely used to pinpoint the "best" soil management practices related to water availability for crops. In terms of hydraulic functioning, soils have a high degree of complexity, which is partially reflected by the correlation of properties, such as total porosity, pore size distribution, and hydraulic conductivity (Šimůnek et al., 1998) , and as a result, changes in one property will impact all other properties simultaneously, restricting general conclusions on soil hydraulic functioning based on individual property measurements. Furthermore, cropping systems are very dynamic and subject to complex interactions of several components (Jones et al., 2016) . As our results show, soil hydraulic properties effects on root water uptake and biomass accumulation may vary greatly between years and soils, depending on rainfall distribution, the vapor pressure deficit, and drought stresses, together with plant water requirements. Therefore, as discussed in Bonfante et al. (2019) and in Pinheiro et al. (2019) , processbased simulation models are the most adequate tools to analyze the hydraulic qualities and limitations of soils under dynamic boundary conditions.
Conclusions
The agro-hydrological simulations described in this study that include comprehensive scenarios of soil-plant-atmosphere systems under rainfed conditions and future climate scenarios allow us to conclude that:
1. Land productivities of maize and soybean fields increase under the wetter future climate scenario, while they are impacted negatively by the drier climate scenario for all evaluated soils. On the other hand, water productivity of both crops was consistently reduced by both future climate scenarios. 2. The hydraulic functioning of soils is dynamically related to climate zones and crop water requirements. In general, maize was more sensitive to soil hydraulic properties under future climate scenarios than soybean. 3. Hydraulic properties of soils under conventional agricultural use over-performed their counterparts under natural forest use, especially regarding land productivity during growing seasons with pronounced drought stresses. In general, depending on the length and timing (e.g., early or late season) of the drought stress, the yield response is determined by soil-specific conditions strictly related to water availability. 4. The long-term average revealed that the Arenosols, particularly the one under current agricultural use, provided a higher dynamic water storage and more favorable hydraulic properties for crop growth. This positive behavior for these soils is mainly explained by their reduced unproductive water losses, especially by runoff. Fig. 11 . Soil as a source of variations for water productivity, grouped into three climatic zones (Aw, Cfa, and Cwa) and three different climate scenarios (current and future GCM1 and GCM2), for six soil textures (S1 through S6). Solid circles inside each boxplot represent the mean value. Soil types followed by the same letters under the same climate scenario do not differ from each other statistically at p < 0.05. NS: not significant.
